Cu2ZnSnSe4 is an excellent thermoelectric material. This inspires us to seek the other quaternary compounds with similar chemical formula to Cu2ZnSnSe4 as thermoelectric materials. In this paper, for the first time, we use the full potential method with modified Becke and Johnson potential (mBJ) scheme to explore the electronic structures, mechanical and thermal and thermoelectric properties of p-and n-type Ag2XYSe4 (X=Ba, Sr; Y=Sn, Ge). The Fermi-golden rule is employed to calculate the carrier relaxation time related to electrical conductivity, electronic thermal conductivity. It is found suitable band gaps and serval carrier pockets account for high electrical conductivities and Seebeck coefficients, strong anharmonic vibrations for acoustic wave lead to low lattice thermal conductivities that are lower than 1.0 Wm -1 K -1 at high temperature. It is predicted that the Ag2XYSe4 are a kind of potential thermoelectric materials. The maximum ZT for n-type Ag2SrGeSe4 can reach up to 1.15, and those for p-type Ag2SrSnSe4, Ag2SrGeSe4 and Ag2BaSnSe4 can reach up to 1.04, 1.01 and 1.03 at 900 K, respectively.
I. INTRODUCTION
During the last few decades, with the increasing problems of energy exhaustion and environment pollution, thermoelectric (TE) materials have already aroused people's widespread concern [1, 2] , due to their special properties of directly converting heat to electricity and vice versa. One can use a dimensionless figure of merit, namely ZT=S 2 T/, to assess the TE materials' conversion efficiency from heat to electricity [3, 4] . Herein, S and  represent the Seebeck coefficient and electrical conductivity, T and  are the temperature (in unit of Kelvin) and total thermal conductivity composed of electronic e and lattice L contributions. Thus, a good TE material requires high S and  and low . However, this is hard to achieve due to the complex interdependences between S,  and  [5] . Recently, it was reported that achieving large band degeneracy [6] or localized resonant state [7] via energy band engineering do improve the TE transport properties in few existing TE materials [8] . Nevertheless, this strategy has great blindness because one is difficult to decide which dopant can induce beneficial change of electronic structure. Another common strategy is to reduce lattice thermal conductivity by low-dimension [9] or solid solution strategies [10, 11] and so on, but the reduction of L is often accompanied by reduction of . Therefore, seeking new TE materials with medium TE performance and then improving ZT value by tuning the carrier density remains to be a simple and feasible method [12, 13] .
Recently, quaternary compounds Cu2ZnSn(S/Se)4 (CZTSSe) are considered as promising photovoltaic absorber material due to high efficiency of about 12.6% [14] .
It was reported that the band gaps of pure Cu2ZnSnSe4 (CZTSe) and Cu2ZnSnS4 (CZTS) were about 1.0 [15] [16] [17] and 1.5 eV [18, 19] close to ideal values of 1.3-1.4 eV for solar cell materials. Band gap is very important parameter for semiconductor application. For TE applications, it is usually agreed that good TE materials should possess narrow band gap < 1.0 eV. For example, star TE materials Bi2Te3, SnSe, PbS, PbSe, PbTe, CoSb3, NbFeSb, Mg2Si, Mg2Ge and Mg2Sn have band gaps of ~0.15 eV [20] , ~0.86 eV [5] , ~0.4 eV [21] , ~0.29 eV [21] , ~0.32 eV [21] , ~0.22 eV [22] , ~0.51eV [23] , ~0.77 eV [24] , ~0.74 eV [25] and ~0.35 eV [26] , respectively. By judging from band gaps, instead of CZTS, compound CZTSe seems to be a promising thermoelectric material. In Fact, previous works have indicated that the ZT of ln-doped CZTSe reached up to 0.95 at 850 K [27] and that of modified CZTS was only 0.36 at 700K [28] . Therefore, we tried to replace Cu, Zn and Sn atoms of compound Cu2ZnSnSe4 with Ag, Ba/Sr and Sn/Ge atoms, constructing four new compounds Ag2XYSe4 (X=Ba, Sr; Y=Sn, Ge). The structures of Ag2BaGeSe4 and Ag2BaSnSe4 have been experimentally verified to be space group I222 (No. 23) [29] and the others were theoretically predicted to be space group I222 [30] , also. Obviously, Ag2XYSe4 structures possess lower symmetry than kesterite Cu2ZnSnSe4 and stannite Cu2ZnSnSe4 belonging to space groups I 4 (No. 82) and I 42m (No. 121) [31] , respectively. Low symmetry can favorite the strengthening anharmonic vibration of phonon, and thus the low symmetry materials such as SnSe, Zn4Sb3 and MgAgSb usually possess low lattice thermal conductivity [32] .
Furthermore, it is expected Ag2XYSe4 have high electrical conductivity due to containing two Ag atoms in each primitive unit cell. To the best of our knowledge, there have been no theoretical reports on the TE properties of Ag2XYSe4 (X=Ba, Sr; Y=Sn, Ge).
Hence, in this work, we used density functional theory (DFT) with semi-classical Boltzmann equation to explore the TE properties of p-and n-type Ag2XYSe4 (X=Ba, Sr; Y=Sn, Ge). It is showed that band gaps of Ag2BaGeSe4, Ag2BaSnSe4, Ag2SrGeSe4 and Ag2SrSnSe4 are 0.909 eV, 0.832 eV, 0.708 eV and 0.729 eV, being good for electrical transport properties. In addition, their lattice thermal conductivities are 2. We organize the rest of this paper as follows: the detailed computational method and some important parameters for first-principles calculations are presented in Sec. II.
The electronic structures, mechanical and thermal and thermoelectric properties are described and discussed in Sec. III. Finally, findings and conclusions are summarized in Sec. IV.
II. THEORETICAL CALCULATION DETAILS
Firstly, structure optimizations were performed using the generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) [33] as the electronic exchange-correlation functional in VASP code. The plane-wave energy cutoff and
Monckhorst-Pack k-point mesh were set to 500 eV and 101010, and the total-energy and force convergences were 10 -6 eV and 10 -3 eV/Å .
Secondly, we used the full potential method with GGA-PBE modified Becke and
Johnson potential scheme (mBJ) [34] to calculate electronic structures for all compounds in Wien2k code [35] . In the whole calculation procedure, the total-energy and charge convergences were taken as 0.0001 eV and 0.0001 e. 3000 k-points in the whole first Brillouin Zone were sampled for calculations such as band structures and density of states. Taking a very dense 20000 k-points, the electrical transport parameters such as the Seebeck coefficient, the electrical conductivity and electronic thermal conductivity, were calculated using the semi-classical Boltzmann theory. In this theoretical framework, the electrical transport parameters can described as follows [36] :
where T, Ef, , f and  are the absolute temperature, Fermi energy, unit cell volume,
Fermi-Dirac distribution function and energy for electronic state. The energy projected conductivity tensors, , can be expressed as the following form
herein, e is the charge of an electron,  is the carrier relaxation time, N is the total number of sampled k-points, i,k is the energy for the kth point at the ith band structure.
The other physical parameters are given as follows
Note,  is the electronic thermal conductivity without the external electric field. It is well known that the precise calculation for the carrier relaxation time is difficult to be implemented due to complex carrier-scattering mechanism. In this paper, we mainly considered the carrier-photon scattering using the Fermi-golden rule combined with the deformation potential (DP) theory. According to the Fermi-golden rule, the scattering rate Pk at the electronic state k can be described by
where the matrix element M(k, k') represents the scattering from k state to k' state, which is known as the transition matrix element, E is the phonon energy. In this work, we taken the phonon energy as 3kBT. Based on solid state physics theory, the reciprocal of the carrier relaxation time can expressed as:
Herein, the angle  is between the k state to the k' state. In the scattering process, the carrier absorbs or emits a phonon. Thus, by the DP theory, the effective transition matrix element around the valence band maximum (VBM) or conduction band maximum (CBM) can be given by [37] 
where E and c are the deformation potential constant and elastic constant along the  direction. It is noted that the anisotropy is neglected and the matrix element M is independent of the  in the DP theory, and thus the above equation can be described as (10) it is worth noticing that the anisotropy is not completely ignored, and arises from the anisotropic deformation potential constants and anisotropic elastic constants, which has small difference in the different directions.
Subsequently, we used slack's equation (see Eq. 11) to calculate the lattice thermal conductivities for all systems [38] .
Herein, A is a collection of physical constants with the value of about 3.0410 -6 , D is the Debye temperature, Vper is the volume per atom, m is the average atom mass in the whole unit cell, ntot is the total number of all atoms in the primitive unit cell. a is the Grüneisen parameter for only acoustic phonons, which can be determined by [39] 
where vl and vs are the velocities of longitudinal and transverse waves, which can be described by the bulk modulus B and the shear modulus
The Debye temperature D mentioned above is calculated by
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where physical constants h, NA are the Plank's constant and Avogadro's number, M and  are the total atomic mass in primitive unit cell and the volume density of materials, vm is the average sound velocity given by the velocities for transverse and longitude waves velocities vl and vs. We describe the details for the computation in earlier works [41] [42] [43] [44] .
III. RESULTS AND DISCUSSION

A Crystal and electronic structures
As is known, previous experimental and theoretical works have verified that the four compounds Ag2XYSe4 possess the orthorhombic crystal structures with space group I222 (No. 23) that has lower symmetry than Cu2ZnSnQ4 (Q=S, Se). It is expected that Ag2XYSe4 have lower thermal conductivities than Cu2ZnSnQ4. Experimental structure determinations for Ag2BaSnSe4 and Ag2BaGeSe4 have been reported, and lattice constants for the other two compounds are theoretically predicted, also. These data are summarized in Table I . The optimized lattice constants in this work are in agreement with the experimental date [29, 45] and the largest difference is less than 3.5%. For the other two compounds, our theoretical lattice constants and other theoretical date predicted by HSE06 hybrid DFT calculations [30] are very consistent with each other, and the largest differences is less than 1.5%. b From Ref. [45] c From Ref. [30] We took theoretical lattice constants in this work for the self-consistent calculations and then calculated the band structures along the high-symmetry points showed in 
B Mechanical and thermal properties
In this section, we put focus on mechanical and thermal properties. Calculated elastic constants, bulk and shear moduli, velocities of transverse and longitudinal waves,
Poisson's ratios, Debye temperatures and acoustic Grüneisen parameters for four compounds are listed in Table II . There are nine independent elastic constants (c11, c22, c33, c44, c55, c66, c12, c13 and c23) for an orthogonal crystal. The values of elastic constants with the same subscript for different compounds are very close. However, for one material, it is found that elastic constants c11, c22 and c33 along the major directions are larger than the other. The c11 is the largest, c33 is the smallest in c11, c22 and c33.
Correspondingly, lattice constants a and c are the shortest and longest. It is understandable that short lattice constant indicates strong interactions between atoms along the axis, which inevitably cause large elastic constant. Besides, the elastic constants can be used to measure structural mechanical stability. The criteria of mechanical stability for orthogonal crystals are expressed by [48] c11 > 0, c22 > 0, c33 > 0, c44 > 0, c55 > 0, c66 > 0, (16) c11 + c22 + c33 + 2c12 + 2c13 + 2c23 > 0, (17) 
It is clear that four compounds are of mechanical stability. The calculated bulk moduli B are larger than the calculated shear modulus G, which implies that they have good machinability and thus are not fragile. In macroscopic view, Poisson's ratio can estimate the corresponding lateral strain to applied axial strain. Microcosmically, it represents the degree of covalent bond. The small value of Poisson's ratio is indicative of covalent bond, the large value represents strong ionic or metallic bonds [49] . For pure silver and selenium bulks, Poisson's ratios are about 0.367 and 0.447 [50] that are larger than about 0.3 for Ag2XYSe4. This indicates that there are covalent bonds in four compounds, which is agreeing with results from electronic band structures. It is noted that the coexisting of many types of bonds are beneficial to the improvement of thermoelectric performance [51] . Metal bonds represent high electronic conductivity, ionic bonds usually is along with high Seebeck coefficient. Other two important thermal parameters  and a are listed TABLE II, also. The
Debye temperatures for four compounds are all below 230 K, and Ag2BaSnSe4 has the lowest  of 204 K. The acoustic Grüneisen parameter a for each compound is above 1.70, and Ag2SrSnSe4 have largest a of 1.85. According to Eq. (11), low  and high a can lead to low lattice conductivity. Low  indicates weak forces between atoms and atoms in the crystal, which is usually along with high a. The high a represent strong anharmonic vibrations, favorable for obtaining a low L. However, note that low  and high a bring a drawback: low melting point. This is what we need to pay attention to solving in practical application. Furthermore, it is worth pointing out that a only contains acoustic wave components, which is usually have a large difference from the mode averaged Gruneisen parameter.
C Thermoelectric properties
The carrier relaxation time  is very important physical parameter for calculations of electrical conductivity and electronic thermal conductivity. In this work, only the interaction between acoustic phonon and carrier, is taken into account in calculation of the carrier relaxation time showed in Fig. 3 . It is found that  for each compound lowers with increasing T and is of the order of magnitude of 10 -14 to 10 -15 .  for p-type Ag2BaSnSe4, Ag2SrGeSe4 and Ag2SrSnSe4 is larger than their n-type. However,  for p-type Ag2BaGeSe4 is smaller than that for its n-type below about 500 K. The ZT with respect to T and n in a sufficiently broad region (n, T) are plotted in Fig. 4 . The large ZT are concentrated in high T and large n region, and the large ZT for both n-type Ag2BaSnSe4 and Ag2SrSnSe4 form closed regions. The maximum ZT for p-and n-type Ag2BaGeSe4 is below unity, but p-and n-type Ag2SrGeSe4 have maximum ZT up to 1.01 and 1.15, respectively. The maximum ZT for the p-type Ag2BaSnSe4 and Ag2SrSnSe4 are both larger than unity and the maximum ZT for ntype are smaller than unit. It is found that the maximum ZT for n-type Ag2BaSnSe4 and Ag2SrSnSe4 appear at ~670 K and ~810 K, all the other appear at 900 K.
In order to study TE properties in detail, we summarized the Seebeck coefficients, electrical conductivities, lattice thermal conductivities and figure of merits with fixed optimal carrier densities at 300 K and 900 K in Tables III and IV , and the corresponding values for these parameters at 600K are listed in When temperature increases from 300 K to 900 K, the electrical conductivities for most of compounds decrease but p-type Ag2BaGeS4 is on the contrary, and absolute Seebeck coefficients for most of compounds except p-and n-type Ag2BaGeS4 increase. Absolute
Seebeck coefficients for n-type Ag2SrGeSe4 can reach up to 245 VK -1 . 
IV. CONCLUSIONS
In summary, we use the first-principles method with mBJ scheme to systematically explore electronic structures, mechanical and thermal and TE properties of p-and ntype Ag2XYSe4 (X=Ba, Sr; Y=Sn, Ge). It is found that low crystal symmetry, and suitable band gap and serval carrier pockets mainly contribute to weak thermal transport property and medium electrical transport performance. It is predicted that the largest ZT in the p-type Ag2XYSe4 comes from Ag2SrSnSe4 compound reaching up to 1.04 at 900 K, and the largest ZT in the n-type is 1.15 of Ag2SrGeSe4 at 900 K.
Although the values for ZT is not very excellent, we believe the ZT for those compounds do be prompted by such as doping, low-dimensional strategy. In a word, Ag2XYSe4 (X=Ba, Sr;Y=Sn, Ge) are a kind of potential TE materials.
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